Introduction
============

Oral dryness, which is associated with reduced secretion of saliva with increasing age, is often a health concern for the elderly, who choose to seek medical treatment for this condition. While there is presently no effective treatment established for this condition, it is known that reduced salivary secretion is a constitutive symptom of several diseases including aspiration pneumonia.^([@B1]--[@B3])^

Several factors may cause reduced salivary secretion including various diseases, which increase with aging. In addition, in most cases, decreased saliva production in the elderly is often an associated side effect of drug therapy, except cases induced by radiation therapy and Sjögren syndrome.^([@B4]--[@B8])^ Furthermore, the salivary glands atrophy with age, leading to reduced salivary secretion.^([@B9]--[@B11])^ In particular, age-related changes in the submandibular gland have been shown to cause apoptosis of acinar cells owing to vacuolar degeneration and fatty degeneration. In addition, glandular parenchyma decreases while inflammatory cell infiltration also occurs in the submandibular gland, creating fibrotic tissue in the increasing interstitial tissue, which consequently causes the gland to atrophy.^([@B12])^ Therefore, age-related structural changes in the salivary glands decrease the production and secretion of saliva. Aquaporin (AQP), a specific water channeling protein that is present on the surface of cell membranes, responds to the pressure gradient created by osmotic pressure and allows the movement of water molecules in and out of the cell.^([@B13])^ AQP-5 is present in the salivary and lacrimal glands, the tracheal gills, the eyes, and the lungs and plays a role in the generation of saliva, tears, and pulmonary secretions.^([@B14])^ AQP-5 has been reported to be downregulated in the lungs of aging mice, thereby decreasing their water transportation ability.^([@B15])^ However, age-related changes in the production of AQP-5 in the salivary glands have not yet been elucidated.

In recent years, oxidative stress has been clearly shown to play a role in decreasing saliva secretion.^([@B16])^ Reactive oxygen species (ROS) contribute to oxidative stress, promote aging, and are strongly associated with age-related diseases.^([@B17])^ While the mitochondrial production of ROS increases with age, the antioxidative potential of the body decreases.^([@B18])^ Consequently, it becomes challenging for the body to maintain the redox balance and ROS accumulate, causing oxidative stress. Furthermore, accumulated oxidative stress is deleterious to cell membrane proteins and phospholipids, and leads to cellular dysfunction.^([@B19])^

The oxidative damage caused by such ROS plays a role in several diseases, such as cancer, high blood pressure, diabetes, cardiovascular disease, cerebrovascular disease, myocardial infarction, Alzheimer's disease, autoimmune disease, schizophrenia, and inflammatory disorders.^([@B20]--[@B23])^

Recent research reported inflammatory status improves antioxidant such as tempol.^([@B24])^ The carotenoid 3, 3-dihydroxy-beta, beta-carotene-4, 4-dione (astaxanthin, AX) has shown strong antioxidative and anti-inflammatory effects^([@B25])^ and is commonly used as a food supplement. AX is a red-orange pigment present in foods such as shrimp, crab, salmon, and sea bream; however, it cannot be biosynthesized by the human body. AX, which has been used clinically as an antioxidative supplement, is a naturally occurring substance originally extracted from the microalgae *Haematococcus pluvialis*, with no reported harmful side effects to date.^([@B26])^ Several studies have reported the effects of AX, including singlet oxygen elimination,^([@B26])^ lipid peroxidation control,^([@B26])^ and anti-inflammation.^([@B25])^ Furthermore, treatment with AX has led to improvements in metabolic syndrome, circulatory organ diseases, cerebral conditions, eye diseases, muscle fatigue, mitochondrial function, and blood flow, as well as the control of *Helicobacter pylori*.^([@B25])^ When nematodes with gene sequences similar to those of humans were medicated with AX, their lifespan was found to increase 16--30% more than that of the experimental population.^([@B27])^ Moreover, the oral administration of AX to a patient with Sjögren syndrome improved the decrease in salivary secretion.^([@B28])^ Recently, Miyachi^([@B29])^ reported that AX could be useful for improving chronic inflammation such as that associated with oral lichen planus. However, it remains unclear how the antioxidative effects of AX improve the structure of salivary glands that have been altered by aging, with the associated decreased production and secretion of saliva.

Therefore, the aim of this study was to first determine the structural changes induced in the submandibular glands by oxidative stress in an aging mouse model and then evaluate the effects of AX on the structural alterations as well as the age-related decrease in salivary secretion.

Materials and Methods
=====================

Animals
-------

The animal study protocol received institutional approval from the Nippon Dental University (approval No. 08-02) and was conducted in strict accordance with the guidelines of the official Japanese Regulations for Research on Animals.

Female ICR mice (10-week-old, weighing approximately 36 g) were purchased from CLEA Japan Inc., (Tokyo, Japan). The mice were fed long-term with a powdered diet for mice, rats, and hamsters (CE-7, CLEA Japan Inc., Tokyo, Japan), provided water *ad libitum*, and maintained on a 12-h light-and-dark cycle at the Section of the Biological Sciences Research Center for *Odontology*, Nippon Dental University School of Life Dentistry, Tokyo, Japan.

AX administration
-----------------

The mice were divided into an AX-treated group fed a powdered diet mixed with 0.02% AX powder (2% AX, AstaReal, Inc., Tokyo, Japan) from breeding week 48 to 72, and a control group fed the same diet but (no AX powder) from the start of breeding to week 72 week (*n* = 9 each). The final dose of AX was 1.7 mg/day per mouse and the powdered diet and AX powder were mixed on the clean research bench of the pathogen-free room every week. Both groups were provided food and water *ad libitum* during the study period, and we measured the powdered diets precisely using a covered feeder Roden CAFÉ^TM^ (Oriental Yeast Co., Ltd., Tokyo, Japan). The body weights of all the mice were measured once each month.

Collection of blood and saliva samples
--------------------------------------

The mice were anesthetized by isoflurane inhalation anesthesia (Mylan Pharmaceuticals, Pittsburgh, PA), blood samples were collected via the caudal vein, and then they were intraperitoneally injected with pilocarpine hydrochloride (0.5 mg/kg body weight, Wako Pure Chem. Ind., Ltd., Osaka, Japan) to stimulate saliva production, and allowed to rest for 5 min. Next, a surgical sponge (BD Visispear^TM^ Eye Sponge 7 cm, Becton Dickinson and Company, Franklin Lakes, NJ) was placed sublingually in the mice for 5 min to absorb the saliva. Then, all the stimulated saliva was pooled, extracted from the inside of the mouths of the mice using syringes, and placed in microtubes stored at −80°C until further analyzed. The weight of the surgical sponge was measured before and after saliva was extracted using an electronic balance and the difference was considered the weight of the extracted saliva. Furthermore, we used pilocarpine hydrochloride to stimulate saliva production in the mice because it has shown highly reproducible results in the determination of salivary gland function in animal experiments. The collected blood samples were centrifuged (4°C, 10,000 × *g* for 20 min), and the resulting plasma was also stored at −80°C until further analyzed.

Collection of the submandibular gland
-------------------------------------

General anesthesia was induced in the mice by intraperitoneal injections of pentobarbital sodium (40 mg/kg body weight, Kyoritsu Seiyaku Corporation, Tokyo, Japan), followed by infiltration anesthesia with 0.3 ml lidocaine containing 2% epinephrine and sodium chloride (Xylocaine Cartridge for Dental Use, DENTSPLY International, Tokyo, Japan) subcutaneously administered to the median cervix, and then a skin incision was made.

Then, the both of submandibular glands were dissected from the surrounding tissue, and the both of submandibular glands were cutted in the shift portion of the main excretory duct.

Measurement of oxidative stress
-------------------------------

Oxidative stress (natural peroxide concentration) was measured using an active oxygen analysis machine using the Diacron-reactive oxygen metabolites (d-ROMs) test (Diacron, Italy). This is a laboratory procedure that measures the blood concentration of hydroperoxide (ROOH), an active oxygen metabolic product using the exclusive Free Radical Elective Evaluator (FREE) analytical instrument equipped with an absorptiometer. The stored frozen plasma samples were moved to the ultrafiltration filter (Microcon YM-10, Millipore, MA), thawed at 25°C, and then centrifuged (10,000 × *g*) at 4°C for 50 min prior to the analysis.

Measurement of antioxidative levels
-----------------------------------

The saliva and plasma sample oxidative levels were analyzed using the same method used to measure oxidative stress. The degree of antioxidation (amount of ferric iron reduced) was measured using the FREE equipment, which is similar to the d-ROMs test using the biological antioxidative potential (BAP) test (Diacron, Italy). The BAP test measures the blood concentration of an antioxidant, by analyzing the conversion of a ferrous ion (Fe^2+^) to a ferric ion (Fe^3+^) using the same device used for the d-ROMs test.^([@B30])^ The d-ROMs and BAP tests are used widely to assess oxidation/antioxidation in both basic research and clinical studies, and their usefulness has been widely reported.

Measurement of submandibular quotient
-------------------------------------

After removing the moisture from the surface of the submandibular glands extracted from each side, they were weighed using an electronic balance. An index of the submandibular gland atrophy was calculated from the weights of the right and left submandibular glands, and their ratio was also calculated. In addition, the average weight of the saliva samples, the ratio of the saliva flow of all mice, and the weight of submandibular glands were calculated.

Histopathological examination
-----------------------------

The mandibular gland tissue was immersion fixed with 4% paraformaldehyde for 24 h, embedded in paraffin, cut into 4-µm-thick sections using a rotary microtome (HM335E, Microm International GmbH, Germany), and then hematoxylin and eosin (H&E) stained.

Immunofluorescence staining of AQP-5
------------------------------------

After deparaffinizing the mandibular tissue sections, the AQP-5 antigen was activated with Histo VT One at 90°C for 20 min (Nacalai Tesque, Inc., Kyoto, Japan) and diluted 10-fold. Next, the specimens were incubated with a blocking solution of normal goat serum (Wako Pure Chem. Ind., Ltd.) at room temperature for 1 h. Then, the tissue was incubated with the primary anti-AQP-5 antibody (rabbit, 1:1,000, Abcam, Cambridge, MA) overnight at room temperature, followed by a secondary goat anti-rabbit IgG (H + L) antibody (1:800, Jackson ImmunoResearch Laboratories, Inc., West Grove). The tissue was visualized by nuclear dyeing using 4\',6-diamidino-2-phenylindole (DAPI) staining at room temperature for 10 min. Fluorescence immunohistochemical analysis was performed using a confocal point laser scanning microscope (LSM 700, Carl Zeiss, Germany) and the area of the AQP-5 positivity domain was measured using the ImageJ software (National Institutes of Health, NIH, Bethesda, MD).

Statistical analysis
--------------------

The results are presented as the mean ± SD. Differences between the 2 groups were analyzed using the Student's *t* test with the Kaleida Graph software. A *p*\<0.05 was considered statistically significant.

Results
=======

Body weight determination
-------------------------

The body weight of the AX-treated group was compared before and 72 weeks after AX administration and the results showed no significant difference; however, that of the untreated control group exhibited an increase. Furthermore, the body weight of the AX-treated group 72 weeks after AX administration was lower than that of the control group was (Fig. [1](#F1){ref-type="fig"}).

Saliva measurement
------------------

The saliva flow was found to increase in the AX-treated group 72 weeks after AX administration while that of the control group decreased by half (Fig. [2](#F2){ref-type="fig"}).

Measurement of plasma oxidative stress using D-ROMs test
--------------------------------------------------------

The plasma d-ROMs values of the AX-treated group measured before and 72 weeks after AX administration were not significantly different, however, the control group value was found to increase. Furthermore, the d-ROMs value of the AX-treated group 72 weeks after AX administration was significantly lower than that of the control group was (Fig. [3](#F3){ref-type="fig"}).

Measurement of antioxidative levels using BAP test
--------------------------------------------------

The plasma BAP values of the AX-treated group before and 72 weeks after AX administration were not significantly different; however, the value of the control group decreased. Moreover, the BAP value of the AX-treated group 72 weeks after AX administration was significantly higher than that of the control group was (Fig. [4](#F4){ref-type="fig"}).

Submandibular gland weight
--------------------------

No significant differences were observed in the submandibular gland weight and submandibular gland weight/body weight ratio before and after AX administration in both groups (Fig. [5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}). However, the ratios of saliva flow and submandibular gland weight were significantly higher in the AX-treated group than they were in the control group.

Histopathological analysis
--------------------------

The submandibular glands of the AX-treated group showed numerous large striated ducts (Fig. [7](#F7){ref-type="fig"}A). The striated ducts were filled with serous granules present in the acinar cells (Fig. [7](#F7){ref-type="fig"}B). However, the submandibular gland of the control group showed vacuolar or fatty degeneration and inflammatory cells infiltration, which made lymphocytes, was observed (Fig. [8](#F8){ref-type="fig"}A and B). Moreover, the atrophy of acinar cells in the striated ducts and the disappearance of secretory granules were remarkable (Fig. [8](#F8){ref-type="fig"}C), while fibrillization was observed in part of the interstitial tissue (Fig. [8](#F8){ref-type="fig"}D).

Immunohistochemical analysis of AQP-5
-------------------------------------

The mandibular glands of the AX-treated group showed several AQP-5-positive regions compared with the control group, which had fewer (Fig. [9](#F9){ref-type="fig"}). Furthermore, the positive domain of AQP-5 in the AX-treated group covered a larger area than that of the control group did (Fig. [10](#F10){ref-type="fig"}).

Discussion
==========

In recent years, oxidative stress has been suggested to be strongly associated with the development of the symptoms of aging as well as age- and lifestyle-related diseases.^([@B17])^ ROS are the main cause of oxidative stress, which is deleterious to the proteins and phosphatides of the cell membrane and induces apoptosis. Furthermore, the process of aging itself decreases the mitochondrial function and induces the production of ROS. Consequently, the deterioration of various physiological processes leads to the dysfunction of several internal organs.^([@B23])^ Moreover, it is now clear that oxidative stress affects the function of the salivary glands.^([@B31])^ Therefore, in this study, we examined the antioxidative effects of AX on the salivary gland function of a naturally aging mouse model. The concentration of AX was adjusted to 0.02% of the feed in accordance with the study by Naito *et al.*^([@B32])^ and, therefore, each mouse was administered 1.7 mg/day of AX (human equivalent dose would be 34 mg/day). Although the recommended daily intake of AX in an adult is 2--12 mg, no side effects were reported in a clinical study that administered 100 mg/day.^([@B26])^ In addition, when breeding feed is supplemented with AX, the maximum concentration does not usually comply with the allowable daily intake (Health, Labour and Welfare Ministry No. 0825002). Compared with the control group, 72 weeks after AX administration, the AX-treated group had significantly lower and higher d-ROMs and BAP values, respectively. Therefore, our results show that AX administration increased the degree of antioxidation, suggesting that AX may play a role in controlling oxidative stress.

In this study, the survival rate 72 weeks after AX administration was 78 and 44% in the AX-treated and control groups, respectively. Although the survival rate was higher in the AX-treated group, the cumulative survival rate was not significantly different between both groups. It has been reported that AX increases the probability of survival concentration-dependently in nematodes.^([@B27])^ This may be because AX is believed to increase the activity of superoxide dismutase (SOD), an antioxidant enzyme or catalase, thereby conferring a protective effect on mitochondria or the nuclear organelle film.

In this study, the AX-treated group showed higher salivary flow than the control group did for 24 weeks (week 48 to 72) after AX treatment. Moreover, the control group salivary flow was found to decrease, whereas that of the AX-treated group increased following treatment. In addition, the oxidative level of the AX group was lower than the control was, whereas the antioxidative potential was significantly higher following AX administration. In contrast, the control group showed an increase in the oxidative stress levels and the antioxidative potential decreased (both oxidant stress and antioxidative potential were hardly altered. Therefore, these results show the antioxidative effects of AX on the salivary glands and, therefore, it may control the age-related atrophy of the salivary glands.

While the control group showed an increase in bodyweight, the AX-treated group did not. By week 72, the AX-treated group showed a considerably lower weight than the control group did (Fig. [1](#F1){ref-type="fig"}). Therefore, we speculated that AX might have induced energy metabolism such as sugar and lipid metabolism and, thereby, maintained or raised the metabolic activity of the body. In contrast, no significant differences were observed in the submandibular gland weight and submandibular gland weight/weight ratio. While the submandibular gland weight increased in proportion to the age-related increase in the weight of the control group, there was almost no change in weight in the AX-treated group. This is likely because the AX-treated submandibular glands maintained their function without shrinking. The stimulated saliva flow/mandibular gland bulk density of the AX group showed a higher value than that of the control group. The flow of saliva and the weight of the salivary glands decreased in the control group, which suggest that the function and the weight of the salivary glands are not correlated. Therefore, since the weight of the salivary gland does not influence saliva flow, it is suggested that the accumulation of age-related oxidative stress results in deterioration and inflammation of the acinar cells. Furthermore, this may play a role in the production of saliva, thereby resulting in decreased salivary secretion.

The structural changes in the submandibular gland of the AX group included larger and more striated ducts than observed in the Control group. Submandibular gland of rodents is consisting of intercalated area with acinar cells and intercalated duct, striated duct area, excretory duct, and main excretory duct. Mouse granular cells have been shown to secrete compound cell growth factors such as the epidermal growth factor (EGF) and nerve growth factor (NGF),^([@B33])^ from 3 weeks of age with the growth of striated ducts. In addition, after being stored in the secretory granules, the external secretion is carried out via the saliva. Although these striated ducts had shrunk in the control group, numerous secretory granules were present in the AX-treated group. Moreover, the control group exhibited an inflammatory response, which is observed Sjögren syndrome. In addition, vacuolar or fatty degeneration and fibrous connective tissue were widespread. The accumulation of ROS in the salivary glands activates the nuclear adduction copy of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), which induces the production of various inflammatory cytokines, leading to inflammatory changes and apoptosis. Therefore, the secretary function of the salivary gland is inhibited, and the production of saliva is decreased by these actions. In contrast, the AX group did not exhibit these structural changes. These results suggest that the antioxidative activity of AX prevented the generation and accumulation of ROS, restored cells and tissues, and prevented or improved the organizational structure of the salivary glands. Furthermore, the AX-induced protective effects prevented the age-related functional decline of the salivary glands.

Fluorescence immunohistochemical analysis revealed a significantly large AQP-5-positive domain in the AX group. An increase in the electrolyte concentration and osmotic pressure of an acinar cell glandular cavity leads to a subsequent increase in the water transportation ability of AQP-5.^([@B34])^ It has been reported that the production of saliva decreased in AQP-5 knockout mice, which emphasizes the importance of AQP-5 in saliva secretion.^([@B35],[@B36])^ Furthermore, AX extends perpendicularly so that it can attain the same length as the cell membrane, which it may then penetrate.^([@B37])^ Therefore, AX can scavenge ROS that occur within the cell as well as on the cell membrane surface and, thereby protects the entire cell from oxidative stress. Furthermore, the oxidative stress that affects AQP-5 in the cell membrane is likely reduced by this action, which may be the underlying mechanism modulating the effects of AX on salivary secretion.

In conclusion, the results of this study suggest that the antioxidative action of AX maintains the function of salivary glands and controls the age-related decrease in salivary secretion. Therefore, the results of our study suggest that AX may be used as a new treatment for oral dryness.
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![Comparison of body weight of astaxanthin (AX) and control groups. Body weight of AX-treated group is significantly lower than that of control group 72 weeks after AX treatment (*p*\<0.05).](jcbn15-150f01){#F1}

![Comparison of saliva amounts between astaxanthin (AX) and control groups. Saliva flow of AX group was significantly higher than that of control group (*p*\<0.05).](jcbn15-150f02){#F2}

![Comparison of Diacron-reactive oxygen metabolites (D-ROMs) value of astaxanthin (AX) and control groups. D-ROMs value of AX group 72 weeks after AX administration was significantly lower than that of control group (*p*\<0.05).](jcbn15-150f03){#F3}

![Comparison of biological antioxidative potential (BAP) values of astaxanthin (AX) and control groups. BAP value of AX group 72 weeks after AX administration was significantly higher than that of control group.](jcbn15-150f04){#F4}

![Changes in ratio of mandibular gland weight to whole body weight. No significant differences were observed in mandibular gland weight/body weight ratio between the astaxanthin (AX) and control groups.](jcbn15-150f05){#F5}

![Changes in ratio of salivary flow to weight of mandibular gland. Ratio of saliva flow and mandibular gland weight was significantly higher in astaxanthin (AX) group than in control group.](jcbn15-150f06){#F6}

![Hematoxylin and eosin (H&E) staining of astaxanthin (AX) group submandibular glands. Submandibular glands of AX-treated group had several large striated ducts (A). Striated ducts were filled with secretory granules present in acinar cells (B).](jcbn15-150f07){#F7}

![Hematoxylin and eosin (H&E) staining of control group submandibular glands. Inflammatory cells infiltration (A) and atrophic acinar cells (B) were observed. Vacuolar or fatty degeneration (C) and fibrous connective tissue (D) were observed.](jcbn15-150f08){#F8}

![Immunohistochemically stained image of aquaporin (AQP)-5-positive domain in the mandibular gland (A) Control group. (B) Astaxanthin (AX) group. Mandibular gland of AX group shows numerous AQP-5-positive cells while that of control group shows few.](jcbn15-150f09){#F9}

![Positive area of aquaporin (AQP)-5. Positive domain of AQP-5 in astaxanthin (AX) group covered a larger area than that of control group.](jcbn15-150f10){#F10}
